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(57) Abstract 

Described is the production of 
a metal article with fine metallurgical 
structure and texture by a process that 
includes forging and rolling and con- 
trol of the forging and rolling condi- 
tions. Also described is a metal article 
with a minimum of statically crystal- 
lized grain size difference in grain size 
at any location of less than about ± 3 
%, as well as a dispersion in orien- 
tation content ratio of textures of less 
than about ± 4 ^ at any location. 
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METAL ARTICLE WITH FINE UNIFORM STRUCTURES AND 
TEXTURES AND PROCESS OF MAKING SAME 

5 * ■ ' ■ .'■ • .'. . * ' • :. . . ■/ - [ ■ ' [ •.. ■ - 

BACKGROUND 

The invention relates to metal articles with fine uniform structures and textures arid 
methods of making such articles. In particular, metal articles of type described are especially 
useful as sputtering targets. • „ : /x 

10 Sputtering targets of high purity metals and alloys are widely used in electronics and 

semiconductor industries for sputtering thin films, it is desirable to obtain large size targets. 

SUMMARY ( >! II If I INVENTION 

In accordance with one embodiment of the invention there is provided a process for 
15 producing a metal article, such as a sputtering target, with fine metallurgical structure and texture 
comprising: 

1 1 providing a metal billet; 

2 1 heating the billet to a forging temperature below the recrystallization temperature of the 

' metal': ; ■ *■- v- .■; ' v; ■ ; . : .' 

20 ..>> appl vihg a solid lubricant between the ends of the billet to be forged and press plate? 

of a forging m.khinc in w hich the billet is to be forged to reduce the friction during forging; 

4) forging the billet to a desired billet thickness with about 70% to 90% reduction; 

5) bringing the forged billet to about room temperature; v : 
■til rolling the billet to plate with a reduction in thickness per rolling pass sufficient to 

25 provide near uniform strain distribution; and '/'"'. "•■.>'• :" V: . / ■ ■ 

1) rccr> stall/at ion annealing the plate. • 'V- ' • \'\ '• ' .' V 

It is also advantageous to machine shallow pockets in both ends of the billet ends prior to 
applying the solid lubricant of sufTicicnt thickness. Preferably, the billet is forged at a 
temperature below the minimum temperature of static recrystallization and then rolled and 
30 annealed at a time and temperature to provide the beginning stage of static recrystallization. 

The rolling reduction per pass is desirably in accordance with a relationship of the l 
minimum reduction per pass, the roll diameter and the desire billet. thickness after forging.; 
Generally, the rcduct ion per pass during rolling is about 1 0% to 20% per pass. 

Another cmKxliment the invention comprises a metal article, such as a sputtering target, 
35 having a ncar^nvmimmum of statically crystallized grain size, a difference iq;.gpin. si^ at any 
location of less th.ui about +3% and a dispersion in orientation content ratio of texture of less 

than about *4\ ' . ; / ' 

The present invention can be applied to different metals and alloys that display good 

' ' . ' -1- " '. - '. ; . . " / . ' 
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ductility -and workability at temperatures below corresponding temperatures of static 
recrystallization: Among metals with which the invention can be applied are Al, Ti, Ta,Cu, Nb, 
Ni, Mo, Au, Ag, Re, Pt and" other metals, as well as their alloys. One embodiment of the method 
comprises the steps of processing sin ingot to a semi-finished billet, including, for example, 
melting, ing ot castin g, hbmogeniang/solutionizing heat treatment, hot working to break down 
the bast structure," and billet preparation followed by billet shaping and mermomechariical 
treatment to fabricate a product, for example a sputtering target, and refine the metallurgical 
structure and produce a desired texture. By one embodiment of the process of the invention, 
cold/warm working and annealing are used to develop extremely fine, uniform structures and 
strong, uniform textures that result in improvement in performance of sputtering targets. V ; 

DESCRIPTION OF THE DRAWINGS • 

- FIG. 1 is a billet-film lubricant assembly at the beginning of upsetting; : / 
FIG. 2 shows a sectional view "C" of FIG: 1 during upsetting; - 
FIG. 3 shows the beginning of rolling for long cylindrical billets; , v '* \ ; -;.y ', 

. FIG. 4 shows the beginning of rolling for short cylindrical billets; < ' . : 

•FIG 5 is a graph relating grain size and temperature for recrystallized structures showing ; 
effect of recrystallization annealing on grain size of pure Ti alloy after frictionless forging/rolling; 

FIG. 6A is the microstructure of pure Ti after friction^ss forgm 
at 375 °C, 2 hours (x200 magnification); . ■ <*.J ''?-:{.'■; - , 

FIG. 6B is the microstructure of pure Ti after frictionless forging/rolling and annealing at 

675 °C, 2 hours (x200 magnification); ; ; .'\?'. ^yUO'-V^-.- >".\'.\\y ■:}"■ 

FIG. 7A shows the dispersion in grain size of pureTi after fnctionl^ 

annealing at 375 °C. 2 hours; :V\. : - ,:-V.:\- y';:. • ' 

FIG. 7B shows the dispersion in grain size of pure Ti after frictionless forging/rolhng and 

annealing at 675°G, 2 hours; and , ;i , . ... v/ v ,-. /--'-V y ■ - : : V. V-V\ 

FIG. 8 shows the effect of annealing temperature oh texture (x-ray intensity ratios) of pure 
titanium after fricuonless forging/rolling processing. ^ ^ : : . : ^ • 0 

DETAILED DESCRIPTION v ' ' ; r -'-x 

: To optimize thermomechanical treatment, it is desirable to attain intensive and uniform 
strains before recrystallization annealing. Typically: targets arc thin discs fabricated from a single 
• : "--liiU^ p»i«i»a by «oUing""^u^U^-fqrfiW«^ti«^ -ln bdlh;c^es. an orig^^billct-lcn^h. 
( Ho) is reduced to a final thickness (h) and an average strain may be calculated by the formula: 

e -=(i .h^Io)100% = n - (M/Mo) 2/3 ] i00% • ^y; ' ■ ■ • : A'. 
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where Mo = Ho/Do and M = h/d are height-to-diameter, ratios of the original billet and the 
worked product, correspondingly.. The final ratio (M) is prescribed by the desired target shape 
and is usually in the range of from M = 0.07 to M = 03, while the original billet ratio Mo may 
be in the range of from about 1 .0 to 0.5 and yields limits of stain shown in previpusly ^escribed 
equation (1) as follows: ' ^ .' ■ .V 

(2) 73%<e<89% - ' . ' ^ 

' Strain in equation(2) is high enough to optimize static recrystallization only for thin 
targets. But even for.these targets.npn-unifoimity in strain distribution ^ 
may significantly reduce the amount strain in some areas. Also, demands on capacity of a forging 
press or rolling mill necessary to provide strains of equation (2) above for large target; billets may 
be too high for some applications. Therefore, there may be restrictions on attainable strains by 
rolling or forging operations. ; , . . ,,. ^; . 

: Rolling is most suitable for processing to produce thin and large targets. But the original 
billet ratio (Mo) advantageously should be less than 1 . otherwise the end effect during rolling of 
long cylindrical billets develops very strong non-uniformity in strain distribution. In addition, to 
provide near uniform strains even for thin billets.the roll .diameter advantageously should be 
significantly larger than the billet thickness and the number of reductions per pass can influence 
the result Because of the foregoing, rolled billets may have concave-like shapes withmaximum 
strain at contact surfaces and minimum strains at the middle billet section that are not sufficient 
,o optimize recrystallization and develop most useful structures.. Recently published Japan Patent 
No 08-^69701 describes a titanium target manufactured, by intensive cold roUing pf sheet from 
stock and low temperature annealing. However, this technology cannot be applied to plates and 
although fine grain size is described for some target parts,, the Japanese patent data ^shows large 
deviation in grain diameters. ■;' . ■'. 

Strain ndh-uniformity from forging is much stronger than fpr rolling. Because of contact 
friction extensive "dead metal" zones are present at the central billet area This results in low 
strains inside these zones and high pressure and load for thin billets. Upsetting . bulk targets from 
a large billet with a large thickness-to^diameter ratio requires very powerful presses and 
expensive tools but cannot produce products with uniform grain diameters. That is why the 
losing operation is mostly used for hot breakdown of cast ingots only. \ ^ 
• One aiterript to-overcome, these problems is described- in Japanese .Patent : Np;08^232p^l ; : 
The patent describes a combination of forging and rolling 1 ' for titanium targes at temperatures 
below the temperature of phase transformation. The process uses a temperature below the phase 
transformation temperature but well above the temperature of static recrystallization for heavy 
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worked materials. As a resultVthe process cannot optimize recrystallization and develop very 
fine and uniform structures/textures. • ./•:'• ' ' •:• r'-^/..^qi :*': 'V^' '•>•>; : ^\Y :>V''Y' : ;': -W- 
5 : In contrast to the foregoihgv tne present invention includes: . ; .: 

1) performing the forging step as frictionless upsetting to provide stress-strain uniformity 
and intensive working without material cracking and press over-loading; and. . 

2) performing me forging step at te^^ 
recrystallization for corresponding conditions to provide . the finest and most uniform 

10 . structures/textures. The steps of forging, rolling and annealing can be optimized to provide cost- . 
effective processing and target performance. ; ^; V'Y;-; ; ';- : ■ 

Referring to FIG. 1. the original billet (1) has a cylindrical shape and a volume and lengthr 
to-diameter ratio Mo. Two shallow pockets (2) are fabricated at the billet ends before upsetting. 
Cold upsetting is preferable, but in some cases preheating of the billet and topi to a temperature^ 

15 below the temperature of static recrystallization may be used to reduce working pressure aniT 
load Two thin sheets of solid lubricant (3) are placed between the billet end and forging plate 
(4) mounted in a press. It has been found that best results are obtained with lubricant polymers 
that exhibit visco-clastic ; behavior: at working : conditions, such as polyethylene, 
■ ■ polytetrafluroethylene or polyurethane. • ; ^--^ v ^ c v,:_ 7,: . :> 

20 As can be seen in FIGS. 1 and2, depending on the billet diameter Do, film thickness(6)is 

varied from about 0.5 mm to 2.5 mm while film size (A) should exceed Do. Pocket depth (6o) 
is advantageously slightly less than film thickness (6) and pocket borders (5) have a width "S" 

from about 5, mm to 20 mm. - •■ ' ■■ . v^. •'• ■ .['■ .' ' 

In accordance with the present invention, visco-clastic polymer film is used to entirely 
25 separate the billet and tool - During upsetting, the polymer fills the pockets and flows into contact 

with the billet. Some excess of polymer flows out from the pockets (FIG. 2) and provides, low ; 

positive friction in the flow direction along billet ends, thus eliminating "dead metaV' zones and 

improving billet. stability It has been found that with the invention the original billet ratio (Mo) ; 

may be as large as Mo = 1 .5. and the polymer lubricant film enables partial reductions of up to 
30 e - 75%.. Because of increase of the original billet ratio Mo to 1.5, the limits for attainable strain 

(see equation ( 1 ) are much better than (2) . V . r ; , 

- (3) 87% < c < 92%",'."' ' i'yr- 'C'l-Xj'X^-^^^^ 

^ 3< ; that in conjunction. with uniform strain ^ allows one to' optimize recrystallization in 

■ most cases. Also,; thin -billet after fbrgjhg^(iip to M=0. 16)' provides the : best /^nditions for, 

following rolling. i .;. ',. ' .. .;•'.'.' '■'.'■'■ /■■—..■•■• 

.' The preliminary forged billet is rolled for further reduction of thickness. Cold or warm 
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rolling may be used. Rolling may be performed in two or four mutually perpendicular directions , 
to produce a product with a circle^ike shape.- It is important to provide the most uniform ^strain- 
distribution during rolling by controlling roll diameter-to-billet thickness ratios (<J)/H), billet 
thickness-to-diameter ratio (M) and reductions per pass. < An important aspect, is : tp . prevent 
buckling along the free surface (2) of a cylindrical billet W at the beginning of rolling (FIG, 3). 
It has been found that buckling area (T) is approximately equal to a billet-roll contact length (L), 
and buckling is eliminated if contact length exceeds a billet thickness h, after the first pass (FIG. 
4). In other words, if L>H, then ■ ' - ■% • 



(4) <t>/H * 4 H-r.r + e 2 



2c 



where 4) is the roll diameter, e = (l-h/H) 100% is rolling reduction per pass. Calculations with 
formula (4) for different reductions are shown in Table 1. • :; . ... 

' ■ - ' Table 1 ■ ■ - . ; ,; - .". 



c 


5% . 


10% 


15% 


20% 


25% 




;-36 . 


.16 


9.7 


6.5 


4.6 



ft!:.' 



As can be seen, at an average reduction of 15% or less, the roll diameter should be a|least 
about 1 0 times (9.7 in Table 1 ) as large as the cylindrical billet thickness; On the other hand , 
use of thin billets for rolling without upsetting reduces possible reductions (1). Conventional 
target rolling suffer from both disadvantages, that is, non-uniform and low reductions are 
equally unacceptable to optimize structure. In the present invention high ratios of roll diameter- 
to,billet thickness.^) are provided by p^ 

(H) Simultaneously the upsetting operation provides a pre-rolling billet rat.o (m) of less than 
about 0 3 that is useful to attain uniform . rolling reductions along a billet. Partial rolling 
reductions from about 1 0% to 20% per pass are also useful for near uniform strain d.stnbuUon 
in the final product. Rolling reductions lower than about 1 0% develop higher strains at billet 
surfaces while reduction more than about 1 8% develop higher strains at billet middle sccuon. 
All these parameters define the best embodiments for performing upsetting and roll. ng for 

taructs for optimum results. 

The last step in target processing is recrystallization annealing. For many metals and 
alloys strains from equation (3) are enough to optimize static recrystallization; To rfuun this, 
,bal first the lowest temperature necessary to start static recrystallizatipn>d then the shortest 
time necessary to complete that at all billet volume should be determined. Corresponding 
structures have the minimum grain sizes and the lowest dispersions of grain diameters mside 
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each local area! As the present method also provides uniform strains at any part of the billet, 
the minimum temperature of static recrystallization may be realized as the optimal temperature 
for the whole billet at the shortest time. This results in very fine and uniform structures and 
strong, uniform texture for the target produced. '/.V -J -.: /. £i ; ; - ; ; ;y 
Another embodiment of the invention is preforming forging in a few steps with successive 
decrease a billet thickness and resumption of film lubricant at each step. That way forging may 



be prolonged to low billet thickness without distortion of frictionless conditions arid strain 
10 uniformity under relative-low pressure and load. If forging. is continued to the. final .target 

thickness without rolling, corresponding forging textures are provided for targets. Similarly, 
in the special cases rolling may be performed without forging with near uniform strain 
distribution in accordance with the invention. . 

The following example illustrates one embodiment of the invention. 
15 High purity titanium was cast into an ingot of 300.. mm diameter and hot worked by ' 

- swaging at a temperature of 800 C to a rod diameter of 1 30 mm". Billets of 1 62 mm length were 
then cut from the 130 mm rod. Pockets of 120 mm diameter and 1 mm thickness were 
machined at billet ends: Billets were upset at a temperature of 350°C to a thickness of 54 mm, 
Tcnbn films of 1 50 x 1 50 mm2 and thickness of 1 .2 mm were used as lubricante for frictionless • 
20 ■ upsetting; Thereafter cold rolling with a roll diamete^^ 

with partial reductions of 1 2% per pass along four directions under an angle of 45°. ; 

Coupons across the thickness of the rolled billet were cut from central, mid-radius and 
external areas and annealed at different temperatures during 2 hours (h). two planes of 
. CO urx>ns, one year the surface and me . second;'^ 
25 structure and texture and photomicrographs thereof are shown in FIGS. 6A and 6B:: ; 

; In - another, example, tantalumrsputtering targets were made by.. the process, described, 
above/ The composition of the resulting tantalum target is shown in Table 2, the target 
comprising 99.95% tan^lum and balance as shown in the table. v ^ \V v' - : /■ • 
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Table 2- 



10 



15 



20 



25 



30 



35 



ELEMENT 


TYPICAL 


ELEMENT - 


' TYPICAL 


C ■ • 


: io 


. Ca . 




. o • 


• .. .is . : .■ 


■ ,. Fe .. .." ..... 


... ;■■ 'ISx ;''..V... : -. 


v" .N 




;'' : Mg ■■ 


.. ' ..,y\: . <5. 'v.- ,' 


" v : ■; • h ■ 




■ -v ' Mn "V; 


.-, : :J ,40 




0.001 ■ 


/' """'.< Mo '■■ -'\ 


:H,'-v .. .. /.4Q 'J: 


. Li 


0.001 


■ Nb ' ' "' 


,'. '" 150 


, Na : 


.0.001 


Ni 


■ ' ^ . . . ■ ■ 


• , .• Al • 


•'•'"<5 • • • ;Y- : 


•A^: -' ■• ' Si; . . 




■ • B. . ; " '.' 


.-. ..'V'2 *.' ' v-' \- ' 


sn . 


- <5 : : 


cu 




. ' ; Ti ' 






, <5 


' ' ' w 


^-•';V:^ ; 25: ; t^ , '-- ; \ ; '^-' 


.= Cr/ '-. " . "■ 




: ' Zr • 


.• ,•■ ;\<5? ;; -/;n\ 



Reported in ppm. , 
_ C, O, N and H by LECO analysis. ; . r 

: Na, Li and K by SIMS analysis. , . . : w ' , • 

Metallic elements by 1CP (inductively Coupled Plasma). „ •■ ; ; ' ^ ' " 
FIG 5 shows effect of annealing temperature on average grain size of titamum, The 
lowest temperature of static recrystallization is about 375°C. Corresponding very frne^tnicture. 
of av erage grain sizes of 6 micrometers demonstrates also low local dispersion of gram 
diameter and strong texture (1013) (FIG. 8) with orientation content ratio of 65% in the, 
perpendicular direction to target surface. An increase of annealing temperature results in- 
intensive grain growth and larger dispersion in grain size with only moderate strengthening of 
texture The photomicrographs shown in FIGS. 6A and 6B show structures of pure T, after 
frictionless forging/rolling and annealing at 375 °C for 2 hours and annealing at 675»C for. 
hours, respectively. Analysis :-of structures and textures for different coupons didpot detect a 
: noticeable distinction at any target point. Dispersion in the average.grain size at different target 
locations was less than about ±3% and dispersion in the orientation content ratio of textures was 
less than ±4% which, probably, corresponds to the accuracy of measurement methods. FIGS. 
7 A and 7B depict graphically the dispersion of grain size of p Ti for the structures^ shown 
in FIGS. 6A and 6B, respectively. 
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An important advantage of the invention is the production of very fine and uniform 
structures and strong uniform textures at any point of a target which formerly could not be 
attainable. The method provides targets, with significant improvement in sputtering target 

performance. : ';. ■: , , lr ;^. . . . 

The following illustrate the features of one embodiment of the invention: 



■?■ 1) working a' 

' v - . . upset forging and rolling; ■ ?' .. -.- '. ' 

10 y ^ . 2) frictionless forging during upsetting operation that develops positive friction along 

contact surfaces and increases process stability; :.,c; : ^ ; ^ : f ■ : ^ 

^ 3) predetermine parameters of upsetting operation t6 increase accumulated strains; 

reduce press capacity and enable effective rolling; ; . ' 

4) predetermine parameters of .rolling condit^ 

15 distribution and cylindrical shape (for sputtering targets) of the product; 

' 5) using as the annealing temperature the lowest'tcmperature of static recrystallization; 

^ . . 6) producing a sputtering target with very fine and uniform structures and uniform 
- strong textures not previously attainable. -■■.[■'■ v-V" r ..- : \ 
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what is claimed is: _ ~, ;; ; ' - . r ' / v •\. : .v:;' ; : ; "'> ' . 

5 i. A process for producing a metal article, such as a sputtering taxget, ^ 

metallurgical structure and texture comprising: •'■ ' : /- - " ^K : t 

providing a metal billet; . . ' V-'V [ \ ''^^-^ij^^J^-^' ^ : ■ 

. heating the billet to a forging temperature below the recrystallizatioh temperature of the 

.. metal; > r;-; ; _-y ; : . . . ; . <. ' ' • • ■ ... \ V. ^^ //':.' \;/../-./ 

10 applying a solid lubricant between the ends of the billet to be forged and press plates of 

a forging machine in which the billet is to be forged to reduce the friction during forging; [ 
* • . : forging the billet to a desired billet thickness with about 70% to 90% reduction; 

' . bringing the forged billet to alx>ut room temperature; ^ " V :: "(^ ' : -M.*7^x^-/i 
rolling the billet to plate with a reduction in thickness per rolling pass sufficient to 
15 provide near uniform strain distribution; and y ' . ■ "■ ' ; v:' : '. • 'V : ' : 

recrystallization annealing the plate. •'' ' . - . ; : : . 

2. A process according to ciaim 1 wherein the billet is forged at a temperature below the 
minimum temperature of static recrystallization. ' ; " .; " . ' v ^:;v // 

3 a process according to claim 1 wherein the billet is annealed at a time and temperature 
to provide the beginning stage of static recrystallization. • -'V : ■ 

: 4, A process according to claim 1 wherein the soHd lubric 
25 polymer that exhibits visco-elastic behavior at forging conditions. - '. Mr ^ "l£ "i ' : ;M 



35 



5. A process according to claim 4 wherein the solid lubricant comprises pblyethylene, 
polyurethane or polytetrafluroethylene. ' . ■ ; C ?U v ; ' ' ! ' * 

30 6. A process according to claim I wherein shallow pockets are machined at both billet ends 

prior to applying the solid lubricant. 

7. A process according to claim 6 wherein the thickness of the solid lubricant applied to 
. opposite ends of the billet prior to forging is slightly greater than the pockel depth. 



8. A process according to claim 1 wherein the rol ling reduction per pass is in accordance 
with the following relationship: 



3NSOOCID: <WO _.9S02743A1 I > 
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(4) . fr/T-l > 4M^ +e 

where e is the approximate minimum reduction per pass, <J) is the roll diameter and H is the 
desired billet thickness after forging. 

9. A process according to claim 1 wherein the billet is rolled to reduction of about 1 0% 

10 ' to 20% per pass. ^-^rLZ < : ^ : ^ - . _„ u..;,^^^ 

10. A process according to claim 1 wherein the billet is forged in two or more forging steps 
with successive decrease in billet thicknessand after applying solid lubricant before each 
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forging step, f : : ,1 . < ■■■ '■• ] : ^Kr- ^ : ' H : ' -r . vV : hr '?-Si^- '•' • V"': ' : ■ :■ " ■': " - 

1 1 . A process according to claim 1 wherein the metal billet comprises titanium. 



12. A metal article, such as a sputtering target, having near to the minimum of statically 
recrystallizcd grain size, a difference in grain size at any location of less than about ±3% and 

20 a dispersion in orientation content ratio of textures of ^ 

13. A metal article according to claim 12 comprising titanium. 

14. A sputtering target according to claim 12. v 
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